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ADVANOE RESTRIOTED REPORT

! "PRELIMINARY IEVESTIGATION AND DESIGN -
c .OF AN AIR-ERATED WING -

"

FOR LOCEKHEED 134 AIRPLANE

By Lewis A, Rodert and Richard Jackson
INTRODGOTION

Information obtained by the National Advisory Commit~
tee for Aeronautics in ice-~prevention tests indicatee that
the most effective method of preventing the formatlion of
ice 1a that of heating the surfaces to be protected. The
use of waste heat in the exhaunst gases as a source of heat
energy and the dynamic heed in flight as a pump to circu-
late heated air has been proven practical in a serles of
test flights. In recent flight teste (reference 1) the
exhaust gases were passed through the leading edge of the
wings and ejected at the wing tipe. Circulated alr was
passed over the exhaust tute inside each leading edge,
then into the after part of the wing, and out to the at-
mosphere through louvers wvhich were located near the al-
Jeron and flap hinges. Hffective ice protection in all
kinds of lcing weather was obtained. ObJectlons have
been raised to the use of an exhagust gas tube in the wing
loadlng edge, particularly by the military services,

Further study of de-~icing methods indicates that
effectlve ice prevention can be obtained by the passage
of heated alr through the interior of the part or surface
to be protected. The source of the heated air may be an
independent unit heater which burns gasoline or other
gubstance, or an exhauat~alr heat exchauger. The latter
is thought to have considerable merit and 1s being em-
Ployed by the NACA in ourrent ice-~prevention investiga-
tions. The pressure required for circulation of the
heated alr through the heater and the heated surfaces 1s
Produced by the dynamic pressure o0f the air streeam.

In this report there are presented a study of the
deslgn of an air-heated wing and the results of tests
performed on a model alr-heated leading edge, which were
made to determine the validity of the proposed wing deslgn.




PRELIMINARY DESIGE PROCEDURS

A gtudy of the possible ways by which heated alr
could be applied to the alrplane wing or other lifting
surface resulted in the selection of a design, the lead-
ing edge of which 1s shown in figure 1. Referring to
figure 1, alr 1s passned spanwise along an unobstructed
duct, region'l; from which 1t.flows chordwise into a gap
tetween the double-skirn leading edge, region 3. After
leaving region 2, the alr flowas through paseages permit-
ted by the normal voide and lightening holes in the con-
ventional metal alrplene wing, and ias dlscharged to the

. atmosphere through suitable ducts or louvers near the

‘alleron and flap binges. In thig design the following
factors are important: . .

1. The mass flow of the air through the gap
2. The size of the gap _ -
- The temperature Af tho-air 1n'tha duct
_'4. The pressure required to pass tha heated alr

. through the gap

- a

NOKENCLATURRE
Q-5 heat taken from air as a result of passing through
the gap, Btu/hr

Q-3 heat transferred from air to wing leading—-edge
skin, Btu/hr . :

Q,., heat lost by skin, Btu/hr

ho s heat transfer coefficlent from air in gap to outer
skin, 3Btu/hr, sq £t °F

h3_4' heat transfer coefficient from leading edge to
ambient air, - Btu/hr, .sq ft, °F .

A area of heated outer dkin, sgq ft

W mass flow ihrough gap, -1b/br



°p '__spec.uio l\lea.t_ of air in _the gap, Btu/ldb, °_1r
b temperature of air in duet, °F
b3 mean temperature of alr in gap, °I, _EA_%_EA)
ta temperature of outer skin, °F
£4 temperature of améienﬁ'éir, °y
:és temperature .of air out of gap, °F
. B absolute viscosity of air in gap, 1b/hr £t
k thermal conductivity of alr in gap,
Bbu/h;, sq ft, °F/ft
d gap thickness, ft
. @ ‘mass flow per unit eectional area of gap,
1b/ar £t3 -

. P;~Pg ©Dresaure drop through gep, lt/sq ft

V= Vq 'chrqga in aspecific voi-ime, £43/1b

fav frictiou coeificiert av averesge alr temperature
N length of gun, fo
Vay average gpacifioc volumz, f£t3/1D
m hydrauliec radlus o6f ga», £t
g acceleration of gravity, ft/hr?
Re Reynolds number, %?
Nu Nusselt. nuamber, %}
o Prandtl number, Spt
k

It 18 assumed that the furndamental relatlions for the
flow of alr through circular pipes remain true for the
fiow through the gap of regilon 2, figure 1, basing the
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gap Reynolds number upon the'gaﬁ thickness. The principal
relatione used ip these caloulations are as follows:

PP Ysmg = by AL ~t,) :,(1)
Qoes * = By At -t,) ' ' (2)
Ry = w°p(t1"t5) . (3)
Q = Q-5 = Qa3 = Q34 (4)
ha_,d _ ) 4G 0.8 " Oed
2e=as 0.0625(u ) (ﬁ%_) . (6)
0% (v ~v,) £, ¥0% _
P;"Pg = & * 2 gm:_— (e)

The symbole and equation forms are the same as those em-
ployed in reference 2,

For a solution of the problem of heat transfer from
the alr in region 2 to the alrfoill skin, region 3, con-
slder 1 foot of span and one pmssage, that is, sither
along the upper or lower surface. A sinplification of
equation (6), which edmits the use of air as the gas in-
volved and the charascteristics of alr over the temperature
and pressure ranges in the problem at hand, gives

0.8
Fu = 23=3% _ ¢, 02 (;Q)
k (1]
‘When the l~foot span 1s coneldered G = g' and therefore
0.8
hd . (&\
™ 0.02(. - ) (7)

in which. W is the welght of alr passing through the 1
foot of gap. ZHguation %7) may aleo be written as

O.8B

h= “o'a d



The values for k and @ which apply with satisfactory
accuraoy over the range of the present problem are

k = 0,017 Btu/hr, °F, f£t3/f¢

and

b= 5,63 x 10 % 1v/hr, ft
These values substituted into equation (7a) give

. 0.8
h'= 0.0034 "a (71v)

From reference 3 the heat itransfer from the leading-~
edge surface of an airfoil is given by the equatlion

n
LS AL
Bas = 8" 25 (Fiow) (8)

In the present probvlem Cf = 93.4 inches,

V! = 135 mph; from reference 3, h" = 28 Btu/sq ft, °F, hr,
0" = 10 inches, V" = 80 mph, and =n = 0,62 at the esti-
mated angle of attack for crulsing speed; and from egquation
(8), by caleulation, h, , = 12.6 Btu/ft®, °F, nr.

Previous flight tests have indicated that effective
lcing protection was obtailned when the forward 12 to 15
percent of the wing leadlng-edge skin was maintained at
an average temperature of about 76° F above that of dry
ambient air. The temperature rise of the afterbvody de-
creased from about 76° ¥ at the 1l2-psrceat-—chord point to
100 ¥ at the 75~percent-chord point.

The amount of heat required to ralse the leading-

edge skin temperature 7569 ¥ above ambient air temperature
is found from the relation:

Qs = hs—45(ta't4)
Let 1t be assumed that the ambient alr temperature

t, 18 equal to 0° F and that the skin temperature over
the leading-edge region t, 1s equal to 76° ¥, as

————— -



suggested above. Considering 1 square foot of area fOr
which  hy.y. .18 equal to 12,6 Btu/hr, °F, then -

Q,., = 12.6 X 1 x (76-0) = 945 Btu/hr

which 1s the quantity of. heat transmitted from the leading-~
edge skin to the amblent alr stream over 1l square foot.
rrom equations (3) and (4)
- ch(tl-ts) =3 ch(taété) = 946
and therefore -

ZWoP
and from equation (3)
Qg = 946 = §ai3(t1 - E#E%'- vs) . (9)
whlch can be rewritten as-
. Baey = b - 75 . 945 . (9a)
i - -
. . EWBP

The selection of the duct alr temperature which may
be used in the heated wing 1s influenced by such practical
congiderations as the quantity of '‘air passed, the avall-
abllity of heat, and the eritical temperature of .the
structural materlial employed in the wing. A study of the
influence of these factore leads to the conclusion that
if aluminum alloys are used in the wing construction, the
highest duct temperature allowable on a basis of the ma-
terial critical temperature should be employed. Inasmuch
as most aluminum alloys lose strength rapldly at tempera-
tures above 200° F, a maximum of 300° F duct air ‘tempera-
ture has been set for laboratory investigations which in-
volve these materials. It 1s belleved that if carefully
designed, 300° ¥ duoct alr temperature may be used without



detrimental effect to the strength of the wing or other
protected members. When ferrous alloys are employed other
. factors determine the maximum allowable duct air tempera-
“ture, principal among which is the exhaust~air heat ex-
changer sfficlency. With 1nczeased duct air 'temperature,
,the specific.heat of air Is increased, the duct size is
‘dedreased and the draz effect 1nvolved as -a result -of re-
moving momentum from.the ducted alr is decreased, all ‘of
vhich are favorable trends. ' -

The quantity of air W and duet air temperature t,
determine the total quantity of heat directed to the wing
surface. The total quantity of heat for a wing surface
which will give satisfactory protection has been given in
reference 1 as about 1000 Btu/sq ft, hr. The data re-'
corded from the tests of reference 1 were obtalned with
an exhaust tube in the leading edge of the wing and with
&n alr-heating eystem in the leading edge of the stabi-~
lizer. The data taken with the air-heating syster indi-
cated that satiefaotory ice protection might be poasible
with less than 1000 Btu/ft2 hr average heating delivered
to the wing surface. FPreliminary conslderations of the
alr-heated~wing anti~icing eystem for the Lockheed 124

.alrplane will be based on an average healiing requiroment
of about 80C Btu/sq ft, hr for the entire wetted surface.

Inasouch as the protected area o0f the Lockheed 124
alrplane is about 200 gquare feet of wetted surfasce, the
total beat to bPe directed to the wing will be adbout
160,000 Btu/hr, When the cir temperature in the inlet
duot, region 1, 1e 2hoeea, the welght of alr will be
established. The delivered heat 1s measured on a basls
of the rise above ambient alr temperature. The total |
delivered heat will not be fully epplied, some being lost
with the alr at the trailing-edge dircharge louvers.
Taking the ‘loss at the dlscharge .lsuver into considera-
tion, it may be seen that the unit area heating actually
applied to the wing skin is less taan 800 Btu/eq ft, hr,

The pressﬁre irop along the gap 18 given in equation’
(6). Over the range of Reynolde number values of interest
in the preeent problem the friction coefflclient 1ls given
by .

= 16 )
£ =g (10)

]
but as noted above Re = 5- therefore




T, . . . f = 1 6.. u/w . . .t :- o - . (iolj.')
. - . - ' (v -v ) . . . - . '
- Th£ tern ——h—i——l— is negative and small and will

be bmittad as s méans of uimplifying the pressure rela~-
tione in.the heating syetem. The rate of presasure drop
in'thé-gap ealong the streamlines is given then by

‘ap £0%vgy

S - fe I Tav 11
Co : AN = 2 gm . o . (11)
or
- 1l6pWv, : -
ap X _&v (11a)
AN a3 g )
and
Ap - '-—aWV‘ .
— 0. ] —_— 1b
Ay = 0-3166 x 10 ST (11%)

in ‘which values for @ and g have been substituted,

p=05,62x%x 10 - 1b/ft br

g = 4.18 x 10° f£t/hr?

The available pressure drop along the air path from
the exhaust~alr heater inlet to the discharge louvers 1ls
assumed to be 80 percent of the dynamic preseure. It 1s
bellieved that the lowest airspeed at which prolonged ice
protection will be required is at the speed of maximum
range. The indicated airspeed of maximum range for the
NACA 1ce research airplane 1g about 135 miles per hour
and this value ie employed in these calculations. If 50
percent of the avallable pressure drop is employed by the
heater, there remains 50 percent of 80 percent, or 40 per-
cent, available for the wing circulation. Unreported
NACA flight test experience supports these assumptions,
Yorty percent of the dynamic pressure at 1356 miles per
hour, lndicated airspeed, is 18.65 pounds per square foot.
The gap length along the streamlines at the roct or long-
est chord eection is 1,26 feet in the Lockheed 124 alr-
Plane. The available pressure drop per foot is



. op = L2480 94 9anfaq £t

_Equations (7v), (%a), and (11d) are employed in selecting
the size of gap whioh forme region 2 in figurs.l, The
temperature of air 3n’the duct, region 1, has been taken
as 200°, 300“, 4000, and 500° F in the anelytical study.

-

i EISULEB oF QALOULATIOIB'

v e oam,

The relations- between W and h as expressed in
equations (7b) and (9a) for t, = 3002, 3009, 4009, and
600° ¥ and 4 = 0,006, 0,0078, 0.01, 0.016, and 0,02 have
been’ oalculated and are glven in figure 2, Preliminary
atudles of the problem indicated the desirability of the
ranges employed. The relations between Ap/AN and W,
as expressed in equation (11b) for the same range of
values -0of - d, have been caloulated and are given in fig-
ure 3, The design analyses for the graphical relations
shown in figures 2 and 3 are valld at all span stations
1f the necessary quantity of heated alr reaches each sta-
tion. The duct section area in the Lockheed 12A airplane
design has been selected so that the pressurs drop across
rogion 2 at the wing root 1s equal to the drop along the
duct, region 1, added to the drop across region 2 at the
wing tir. ©Such a design should give a nearly uniform
spanwise skln temperature rise above ambient ailr,

MODEL TESTS

Before making alterations to the Lockheed 12A air-
Plane for the provision of heated-alr ice prevention on
the wings, a model leading edge was constructed and
tested to determine the validity of the results shown in
figures 2 and 3. The test airplane wing is constructed
of aluminum alloy and the leading edge 1s subjected to
span loading stresses. The design of the model was there-
fore based on a maximum duct temperature of 300° F¥. At
this temperature the total welight of alr required to de-~
liver 160,000 Btu/hr to the wing will be approximately
2000 lb/hr. The protected mpan is 14% feet so that, as-
sunming uniform d&istridution, the weight of air through
each gap 18 about 70 1lb/hr, ft. Referring to figure 2,
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the optimum gap for these conditions is found to de 0,02
foot or approximately 1/4-inch, A gap of 3/32 inch was
used in the model leading edge because of the lower heat
quantity available for the tests. .

. The madel (fig. 4) congisted of a S-foot leading-
. edge epan with five ribe spaced at 9 inchee .on centers,
,Ihe inner and outer skins were separated by a 3/32-inch-
thick spacer at each rib, The chord length of the model
corresponds to 13% percent of a 7-foot~chord wing. Al-
though the Lockheed 12A airplsie wing employs an NACA
2412 airfoll, an NACA 00123 gection was chosen to simplify
the tests. Figure Ga shows a typlcal section through the
rid illustrating the conetruction detaile. :

‘The design of the moie] wvas such as to permit a
gtatic etructural test as well aa a study of ‘the thermal
pressure relationa. The thermal tests were conducted by
forcing air -from a centrifugal bdlower through an electric
heater’and the model leading edge. The quantity of air,
was measured by the use of a sharp-edge orifice meter._

- The temperatures of the model ekin and of the alr passed
through the" dust and. leading-edge gap were measured by.
iron-uonetantan thermocouples, The thérmocouple locations
at one' ¢hord station are shown in 'figure 5a. The pres-—
gures - of the ailr ‘passed through the model were measured
by the uee of statip .pressure orifices located at the
points- ehown in figure ba. The thermocouples and ‘pres-.
sure orificee gshown in -the transverse section (fig. Ea).
were inetalled at 3 span stations in the model.

The exterlior surface of the model was cooled by a
water spray, which, while no{ preclsely simulating the
removal of heat by the air stream, was satisfactory for
the purpose of the tests.

The tests were conducted by passing alr at several
temperatures and weight rates through the model and mak-
ing observations of rasultant. tenperaturee and preeeuree.
The temperatiures employed in the model tested wére lower
than would be used to obtaln eatiefactory lcing .protea-
tion. - . Y

At 'the conqluslon of the thermal studies, the deeign
alr ldade for the Lookheed 12A alrplane wing were applied
lp a ‘static test. The manner -in which the loade were ap-
plied i: given in figure 6. ) ) .-

T
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The results of the model tests have heen used to de-
termine the friction coefficlent and Nusselts number.

L%%l. ‘at ths test Beynoldn number., The relation between'
-lusselt% number and.neynoldu number is given 5raphically
in figure 7. 'It should be noted that the experimental .
data 'of thess tusts are for heat tranaferrqd to one sur-
faoce only. :2 .

The relation between friction coefficlient, caloulated
from the mocdel tests, and Reynolds number 1s shown on fig-
%re)a with the friotion coefficlent curve used in equation

10 .

- A8 shovh in figure 6, the model wae found to have
satisfactory strength with’ e load equivalent to the high
angle-of-attack condition with a load factor of 6. The
total l10ad was 807 pounds, which corresponde to a dis-
tributed load  of 212 pounds per square foot. )

- DISOUSSION

The reesults of the model tests indicate that the
preliminary design of the air-heated wing for the Lockheed
12A alrplane wae satisfactorily developed. The wing,
therefore, has been constructed and is ocurrently being
tested in flight to determine the thermsal propertiles.

In the preliminary design herein developed, 1t 1s .
Planned that ‘the heat absorbed by the boundary-layer alr
over -the leading edge will contribute to the preventlon
of 1ce at rearward chord points. The leading-edge heat
exchanger presented in this deslign 1s a compromise device
resulting from pradtical consideérations of airplane con-
struction., 'While a more efficient heating system would
be obtalned by extending the doudle skin over the entire
chord, such a design 1s not coneidered practical.

While aerodynamic heating may be an important factor
in the prevention of ice on high-performance alrcraft, 1t
is belleved that the design of the heating equipment
gshould be based on the heat avallable and required at the
epeed of maximum range. At this speed aerodynamic heat-
ing will be unimportant. The effecte, therefore, of adla-
batlic and viecous heating are not considered in this
design study.
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The point at which the air is discharged from the
interior of the airfoil will influence the deslgn,. If )
exhausted at a low-pressure point, the available pressure -’

drop across the heating system may be greater than 80 per- .

cent of the dynamic head., It is not at present known
whether the discharge of air from a .slot near the gap
exit, as compared to a discharge near the tralling edge.
is euperior ‘from the standpoint of lce preventlon..

The advantages of the  design developed herein hay-be-3
ligsted as fqllows:

1. Preliminary weight studies indicate that the air-
heating equipment will weigh less than any other known ef-
fective ice-prevention equipment,

2. The maintenance and inspection requirements
should bPe less than other ice-~preventlion equipment, -

3. The performance of the airplane may be 1mprovéd
due to a wing drag reduction which should result from
making the wing surface ae;bdynamioally smooth.

4, The heating system may be employed on the ground
to remove snow or frost without danger to the wing struc-—
ture.

6. The use of air heating may permit the alr heater
to be employed for:-a combination of functlons in addition
to wing de~icing, such as cabin alr heating, windshield
de-icing, gun heating, and winterizing parts which are
vulnerable to low ambient alr temperatures, and thus ef-
fect a further welight reduction.

6. The heated-alr systenm ahouid be less vulnerable
to gunfire or other militaery actlon such as barrage bal-
loon cables than other de-icing devices.

Ames Aeronautical Laboratory,
Natlonal Advisory Committee ‘for Aeronautics,
Moffett F¥ield, Calif.
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NACA Figs.,4,6

Figure 4.- The model leading edge with which the preliminary
design calculations were studied.

—AAaL-174 88

Figure 6.- The model heated leading edge being statically

loaded. High angle of attack, load factor 6. Ap-
plied load 212 pounds per square foot. ’ P
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NACA ;
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Figure 5b.- Details of construction of the model heated-leading edge of

wing. In connection with figure 5a,
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Flgure 8.- The relation between friction coefficient, f,
and Reynolds number, Re, assumed for preliminary design.
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